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Molecular self-assembly is a powerful technique for developing novel 
nanostructures by using non-covalent interactions such as hydrogen 
bonding, hydrophobic, electrostatic, metal-ligand, π-π and van der Waals 
interactions. Hydrogen bonding, hydrophobic and electrostatic interactions 
promote self-assembly of peptide amphiphile molecules into nanofibers. 
Bundles of nanofibers form a three-dimensional network resulting in gel 
formation. Concentration and temperature dependent measurements of gel 
stiffness suggest that the mechanical properties of the gels are determined 
by a number of factors including the interfiber interactions and mechanical 
properties of individual nanofibers.  Peptide amphiphile molecules provide 
a convenient model as extracellular matrix mimetic systems for regenerative 
medicine studies. Since the substrate stiffness is crucial for cellular 
II 
 
behaviours such as proliferation, adhesion and differentiation, 
understanding the mechanisms behind the viscoelastic properties of the gels 
formed by self-assembling molecules can lead to development of new 
materials with controlled stiffness.  
In this study, regeneration of the corneal stroma was used as a model system 
for utilization of peptide amphiphile molecules in regenerative medicine 
studies. Corneal stroma is constituted by collagen fiber arrays that are 
closely packed forming a stiff environment for corneal fibroblasts. The 
tunability of mechanical properties of self-assembled peptide amphiphile 
nanostructures was aimed to be utilized in corneal stroma regeneration. 
Thinning of the corneal stroma is a debilitating problem that can be caused 
by diseases like keratoconus, infections or accidents. Since corneal stroma 
has a restricted regenerative capacity, thinning of stroma is usually treated 
with cornea transplantation, which is limited by the number of donors.  
In this thesis, I studied mechanical properties of self-assembled peptide 
amphiphile nanostructures in nanometer and micrometer scale. I found that 
the divergence in gel stiffness may arise from the difference of strength of 
interfiber bonds. An injectable, biocompatible, biodegradable and bioactive 
system that can be used for thickening the corneal stroma was developed. 
This system that is composed of nanofibers was observed to enhance 
viability and proliferation of keratocytes in vitro.  
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Kendiliğinden düzenlenme, hidrojen bağı, hidrofobik, elektrostatik etkileşimler, 
metal bağı, π-π ve van der Waals bağı gibi bağları kullanarak yeni nano 
yapıların geliştirilmesinde faydalı bir yöntem olarak uygulanmaktadır. Hidrojen 
bağı ve hidrofobik ve elektrostatik etkileşimler peptit amfifil moleküllerinin 
kendiliğinden düzenlenme yoluyla nano fiberler yapmalarını tetiklemektedir. 
Nano fiberler birbirleri ile etkileşimleri sonucunda üç boyutlu bir ağ oluşturarak 
jel yapabilmektedirler. Peptit amfifil jellerinin konsantrasyona ve sıcaklığa bağlı 
mekanik ve yapısal ölçümleri, jel sertliğinin fiberler arası etkileşimlere ve 
fiberlerin kendi mekanik özelliklerine bağlı olduğunu göstermektedir.  
Peptit amfifil molekülleri doğal hücrelerarası matrisi taklit ederek rejeneratif tıp 
çalışmaları için kullanışlı bir model sunmaktadır. Hücrelerarası ortamın mekanik 
özellikleri hücrelerin çoğalmasında, yüzeye yapışmasında ve farklılaşmasında 
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önem arz etmektedir. Kendiliğinden düzenlenme metodu ile oluşturulan jellerin 
viskoelastik özelliklerinin sebeplerinin bilinmesi gerekli sertlikte yeni 
malzemelerin geliştirilmesinde fayda sağlayacaktır.  
Bu çalışmada peptit amfifil moleküllerinin rejeneratif tıp çalışmalarında 
kullanımı için model olarak kornea stromasının rejenerasyonu çalışılmıştır. 
Kornea stroması kollajen fiber dizilerinin sıkı bir şekilde düzenlenmesi ile 
oluşmuş olup kornea fibroblastları için sert bir ortam oluşturmaktadırlar. 
Kendiliğinden düzenlenen peptit amfifil molekülleri tarafından oluşturulan nano 
yapıların mekanik özelliklerinin ayarlanabilir olmaları kornea stroma doku 
yenilenmesi gibi doku mühendisliği ve rejeneratif tıp çalışmaları için önem arz 
etmektedir. Keratokonus, enfeksiyonlar veya travmalar sebebiyle korneal 
stromanın incelmesi korneanın mercek görevini yapmasına engel 
olabilmektedir. Stromanın kısıtlı miktarda kendini yenileme özelliği sebebiyle, 
kornea stromasının incelmesi kornea nakli ile çözülmektedir. Hâlbuki 
enfeksiyon riski ve lazer ile yapılan kornea ameliyatları zaten yetersiz 
miktardaki nakil için kullanıma uygun kornea sayısını ciddi anlamda 
azaltmaktadır.  
Bu tezde, kendiliğinden düzenlenme ile peptit amfifil moleküllerince oluşturulan 
nano yapıların mekanik özellikleri nano ve mikro düzeyde incelenmiştir. Sonuç 
olarak peptit amfifil molekülleri tarafından oluşturulan jellerin sertliklerinde 
görülen değişikliklerin fiberler arası etkileşimlerin farklı olmasından 
kaynaklandığı bulunmuştur. Bunun yanında, kornea stroma dokusunun kendini 
yenilemesi ve kalınlaşması için enjekte edilebilen, biyoaktif, biyouyumlu ve 
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biyobozunur bir malzeme geliştirilmiştir. Geliştirilen malzemenin kornea 
fibroblastlarının canlılıklarını ve çoğalma miktarlarını arttırdığı gözlemlenmiştir. 
 
Anahtar Kelimeler: Peptit amfifil, kendiliğinden düzenlenme, nano fiber, 
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Over the last century, the developments observed in medicine have 
contributed to the quality of human life and has increased life span significantly. 
The increase in the human life span and quality resulted in new challenges for 
medicine like age-related or degenerative diseases. The developments in 
nanotechnology and its use in biological sciences have lead to the emergence of 
a new interdisciplinary science, “bionanotechnology”. The use of nanoscience 
for biology and medicine has found a wide range of applications for different 
areas like drug delivery, regenerative medicine and tissue engineering. The first 
examples of nanomedicine were mainly based on the enhanced delivery of 
existing drugs with nanostructures for increasing their efficiency.However the 
efficiency of these nanostructures depends on controlled development of 
structure and function.  
Self-assembled nanostructures have extensively been used in various 
applications where nanoscale properties have important effects on function. 
These nanostructures are usually formed by small molecules through non-
covalent interactions and the assembly mechanisms are sensitive to changes in 
the environment [1-3]. Peptide amphiphile (PA) molecules self-assemble into 
nanofibers under controlled conditions. Self-assembly of PA molecules is 
mainly controlled by hydrogen bonding (peptide segment) [4] and hydrophobic 
forces (alkyl tail) [5]. Amino acids in the PA molecules direct β-sheet formation 
through hydrogen bonding and the alkyl tail in the PA molecules direct sphere 
formation through hydrophobic collapse in aqueous environment. Peptide 
segment in PA molecules form a network of hydrogen bonds after charge 
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neutralization through either electrolyte addition or pH change, and directs 
formation of nanofiber-like cylindrical micelles instead of spherical micelles [2, 
4, 6-9]. The PA nanofibers form a 3-D network resulting in gel formation in 
aqueous conditions [3-4, 10-13].  
The nanofiber networks formed by PA molecules are utilized as scaffolds for 
tissue engineering due to their ability to mimic native extracellular matrix 
(ECM) [8, 13-16]. ECM supports attachment, proliferation and migration of 
cells and provides mechanical support to tissue. The mechanical properties of 
surroundings of cells can result in alterations in cellular responses through 
cytoskeletal structure, thus affecting the cell behavior and direct stem cell 
differentiation [17-19]. Therefore, for tissue engineering applications, it is 
essential to control mechanical features of the scaffolds as well as their 
bioactivity. In the current study, solid phase peptide synthesis method was 
utilized for the synthesis of peptide amphiphile molecules. 
1.1 Solid Phase Peptide Synthesis 
Solid phase peptide synthesis (SPSS) was first developed by Bruce 
Merrifield for the synthesis of polypeptides and received Nobel Prize in 1984. 
This method has advantages in terms of efficiency and purity of products over 
the conventional synthesis methods. It is not as labor intensive as liquid phase 
synthesis method especially for longer sequences. Dr. Merrifield used 
benzyloxycarbonyl and t-butoxycarbonyl protected amino acids for the synthesis 
of polypeptides. Number of different protecting groups, solvents and reagents 
have been developed and used for this method and 9-fluorenylmethoxycarbonyl 
(Fmoc) group protected amino acids were used within this study. 
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The synthesis of peptides by SPSS method starts with loading of protected 
amino acids on polymeric supports named as resin. There are commercially 
available resins already loaded with amino acids with protecting groups. The 
principle of SPPS is based on repetitive cycles of deprotection and coupling. 
The protected N-terminal amine of resin attached peptide is deprotected 
resulting in free N-terminal amine which is coupled with another amino acid 
later on. After completion of amino acid addition, peptide is cleaved from the 
resin with all side chain protecting groups leaving a free crude peptide. Peptides 
are purified after the cleavage usually with reverse phase HPLC. 
In this study, SPSS method was utilized in order to synthesize peptide 
amphiphile molecules with an aim to use them for regenerative medicine studies 
as extracellular matrix mimetic materials. The mechanical properties of these 







Figure 1. Solid Phase Synthesis Diagram. Reproduced with 
permission from Sigma-Aldrich.  
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1.2 Effect of Substrate Stiffness on Cell Behaviour 
Tissues are made up of cells and extracellular space that is filled with a 
complex network of macromolecules forming the extracellular matrix (ECM). 
There is a dynamic interaction between cells and ECM that direct tissue 
morphogenesis. The direct interaction between cell and ECM by means of 
receptor signaling and the indirect role of ECM on the controlled mobilization 
of growth or differentiation factors are known to affect cellular functions, cell 
proliferation and phenotype [20-22]. In addition to the roles of ECM on 
chemical signaling, its physical properties also affect cellular behaviours such as 
motility [23], phagocytosis [24] and differentiation [17].   
Mechanical features of PA gels can be tuned for various tissue engineering 
approaches depending on tissue type. The PA molecules form a dynamic 
assembly which is affected by pH change, electrolyte addition and electrostatic 
interactions. Thus, a better understanding of gelation mechanisms of PA 
molecules will help us design appropriate substrates for tissue engineering 
studies. The self-assembled PA nanostructures differ from traditional polymeric 
materials in terms of 3-D interactions. The mechanical properties of the 
networks formed by polymeric nanostructures are directly related to material 
concentration [25-26]. Increase in the concentration results in extension of the 
nanostructures and the interaction between the nanostructures results in 
enhanced stiffness in microscale. Due to their dynamic nature, the microscale 
mechanical properties of the PA based networks are not affected by interactions 
among the nanostructures in a similar fashion to polymeric systems. Therefore, 
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it is important to understand the relationship between the nano and micro scale 
mechanical properties of self-assembled PA materials. 
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Materials and Methods 
2.1 General Methods 
The identity of the peptide amphiphiles were assessed by Agilent 6530-
1200 Q-TOF LC/MS equipped with ESI-MS and a Zorbax Extend C18 column 
(Agilent 4.6 x 100 mm, 3.5 µm). The purification of the PA molecules were 
performed with reverse-phase HPLC system with Zorbax Extend-C18 21.2 x 
150 mm column for basic conditions. A: 0.1 % ammonium hydroxide in water 
and B: 0.1% ammonium hydroxide in acetonitrile gradient was used for 
analytical and preparative HPLC. Amide bond was observed at 220 nm.  
2.2 Materials 
  9-Fluorenylmethoxycarbonyl (Fmoc) protected amino acids, Fmoc-
Asp-(OtBu)-Wang resin and 2-(1H-Benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU) were purchased from 
NovaBiochem and ABCR. The other chemicals were purchased from Fisher, 
Merck, Alfa Aesar or Aldrich and used as received, without any purification.  
2.3 Synthesis of Peptides 
 Peptide amphiphile (PA) molecules were synthesized by using 
fluorenylmethoxycarbonyl (Fmoc) chemistry. Synthesis was performed 
manually on a 0.25 mmole scale using a 50 ml peptide synthesis vessel on a 
wrist action shaker. PA molecules were synthesized by using Fmoc-Asp-
(OtBu)-Wang resin.  After each reaction, resin was washed three times with 
DMF, DCM and DMF respectively. All amino acids were activated by adding 2 
molar equivalents of amino acid to 1.95 equivalents of O-Benzotriazole-
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N,N,N’,N’-tetramethyl-uronium-hexafluoro-phosphate (HBTU) and dissolved in 
10 ml of DMF. After complete dissolution of amino acid and HBTU in DMF, 3 
molar equivalents of N-ethyl-diisopropylamine (DIEA) were added into the 
solution. The solution was mixed thoroughly and kept for 3 minutes before 
adding to resin. Each coupling reaction was performed for 2.5 h. For each 
coupling reaction, Fmoc groups were removed by shaking resin in 20% 
piperidine in N,Ndimethylformamide (DMF) for 20 min. The alkylation reaction 
was performed by coupling with lauric acid. Lauric acid coupling was 
performed same as amino acid coupling using lauric acid instead of amino acid. 
A ninhydrin test was performed after the addition of each amino acid and after 
the addition of the fatty acid. When the ninhydrin test yielded positive results, 
the coupling reaction was repeated; otherwise 10 ml of 10% acetic anhydride in 
DMF was added and resin was shaken for 30 min.  Peptide cleavage from resin 
and deprotection were performed with 95:2.5:2.5 trifluoroacetic acid (TFA): 
triisopropylsilane (TIS): water for 2.5 h at room temperature. After the cleavage 
reaction, PA molecules were collected in a clean round bottom flask and washed 
several times with DCM. The collected solution was rotary-evaporated. After 
evaporation, ice-cold diethyl ether was added and was left at -20 °C overnight. 
The PA-diethyl ether mixture was collected in 50 ml falcon tubes and 
centrifuged at 8000 rpm for 25 min. Supernatant was decanted and the 
remaining diethyl ether was evaporated. The pellet was dissolved in deionized 




2.4 Characterization of Peptide Amphiphiles 
2.4.1 Scanning Electron Microscopy (SEM) 
 The nanofiber networks formed by the PA molecules were observed with 
scanning electron microscopy (SEM). SEM samples of the PA-HCl gels and the 
PA-CaCl2 gels were prepared at final PA and gelator concentrations of 8.3 mM 
and 41.7 mM respectively. The PA-HCl samples had a final pH of 2 and the PA-
CaCl2 gels were mixed at 1:5 molar ratios. The formed gels were then placed 
onto a metal mesh and dehydrated with increasing concentrations of ethanol up 
to 100%. The ethanol was then removed by critical point drying (Tourismis, 
Autosamdri-815B). Samples were sputter-coated twice with 2.5 nm of Pt to 
ensure complete coating. Visualization of the nanofiber networks were carried 
out with a FEI, Nova NanoSEM 430 at 18 kV with an average working distance 
of 5 milimeters.  
2.4.2 Transmission Electron Microscopy (TEM) 
 Two different sample formulations were prepared for TEM; the mixture 
of PA molecules with CaCl2 or with HCl. 10 µl of 2 mM PA solution at pH 7 
was mixed with 2 µl of 250 mM CaCl2 solution and 10 µl of 2 mM PA solution 
at pH 7 was mixed with 2 µl of 250 mM HCl solution. PA with CaCl2 and PA 
with HCl solutions were cast on TEM grids and incubated for 3 minutes. 
Samples were stained with 2% aqueous uranyl acetate solution and air dried 





2.4.3 Atomic Force Microscopy (AFM) 
 AFM samples were prepared on 1 cm
2
 silicon wafers (with low residual 
roughness (<1 nm/µm2)) using 25 µl of 0.5 mM PA solutions. PA–CaCl2 
samples were prepared by mixing 100 µl of 0.5 mM PA solution at pH 7 with 3 
µl of 50 mM CaCl2 solution (1:3 molar ratio). PA with HCl samples were 
prepared by adjusting the final pH to 2. After addition of CaCl2 and HCl to pH 7 
PA solution, eppendorfs were vortexed thoroughly and sonicated for 5 min. 1 
min after casting the solution onto a silicon wafer, excess water was removed 
with a tissue and the sample was air dried. Dynamic mode imaging was used to 
image the topography of the resulting samples, using appropriate cantilevers 
(cantilever stiffness of k=3-40 N/m, resonance frequency of f0=70-350 kHz for 
the dynamic mode).  
2.4.4 Circular Dichroism (CD) at room temperature 
 CD spectra of the PA solutions were obtained using a J-815 Jasco 
spectrophotometer in the far UV region (190 – 300 nm) using quartz cuvettes of 
1 mm path length. Room temperature CD studies involved samples that are 
prepared from same batch and pH was adjusted to 7 before use. Spectra were 
acquired for three formulations; PA at pH 7, PA mixed with CaCl2 and PA 
mixed with HCl. The PA with HCl sample was prepared by adjusting the pH to 
2 by addition of HCl and the PA with CaCl2 sample was prepared by adding 
CaCl2 at 1:5 molar ratios compared to the PA to ensure complete neutralization 
of the charges at pH 7. A solution of 0.1 mM PA was prepared in deionized 
water and the pH was adjusted to 7. For the PA-CaCl2 measurements 5 µl of 100 
mM CaCl2 was added to 1 ml of PA solution. For the PA-HCl measurements, 
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the pH of a 1 ml sample of the PA was adjusted to pH 2 with HCl. Averages of 
three scans of each sample were taken. 
 In order to study the effect of CaCl2 on secondary structure formation, 
CD spectra were monitored after adding EDTA to the PA-CaCl2 sample. 2.6 ml 
of 7 mM CaCl2 was added to 400 µl of a 1.05 mM solution of PA and incubated 
at room temperature for 6 h before acquiring CD spectra. 10 µl of 0.05 M EDTA 
was then added to the solution and further spectra were acquired immediately 
and again after a 6 h incubation. CD spectra were obtained from 190 nm to 300 
nm at a digital integration time of 1 s, a band width of 1 nm and a data pitch of 
0.1 nm. 
2.4.5 Circular Dichroism at variable temperatures 
 Variable temperature CD studies were carried out with Jasco J-815 
equipped with PTC-423S/15 peltier unit. Before preparing samples, 1.05 mM 
PA was sonicated for an hour.  For preparing low pH samples PA was diluted in 
sodium acetate buffer or HCl. PA/CaCl2 samples were prepared by diluting PA 
in Tris buffer containing CaCl2. Details can be followed from the table given in 
Table 1. Samples were mixed well and incubated for 24 h at room temperature 
for equilibration. For each measurement, 300 µl of sample was pipetted into a 1 
mm quartz cuvette which was inverted gently for mixing without damaging any 
assembled structures. CD spectra were obtained from 190 nm to 300 nm at a 
digital integration time of 4 s, a band width of 1 nm and a data pitch of 0.1 nm. 
Samples were heated at a rate of 0.2 °C/min, and spectra were collected at 1 ˚C 
intervals between 25 ˚C and 90 ˚C. After acquisition, spectra were smoothed 
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with means movement with a convolution width of 15, which was included in 
Spectra-Manager (Jasco-UK ltd) software.  
2.4.6 Fourier Transform Infrared Spectroscopy 
 Three different sample formulations were prepared for FTIR: PA 
solution at pH 7, PA solution mixed with CaCl2 and PA solution mixed with 
HCl. PA at pH 7 sample was prepared by using 150 µl of 10 mM PA solution. 
PA with CaCl2 sample was prepared by mixing 125 µl of 10 mM PA solution 
with 25 µl of 1 M CaCl2. PA with HCl sample was prepared by mixing 125 µl 
of 10 mM PA solution with 25 µl of 1 M HCl. In order to obtain complete 
diffusion of gelling agents, samples were shaken overnight and then frozen and 
lyophilized. 1 mg of each formulation was mixed with 100 mg of KBr and 
crushed thoroughly. Transmittance of the pellet was measured by Bruker, 
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2.4.7 Zeta Potential and pH Titration 
 Zeta potential measurements were performed with Malvern Nano-ZS 
zetasizer which contains a pH meter and titration system. Three formulations 
were used for zeta potential samples. PA at pH 7, PA at pH 2 and PA at pH 7 
with CaCl2. PA solutions were prepared at 0.05 wt % and pH was adjusted to 7 
before use. PA with CaCl2 was at 1:5 molar ratio respectively and pH was 
adjusted with 0.1 M HCl for PA at pH 2 sample. 0.06 wt % PA solution was 
prepared for pH titration study and pH was adjusted to 11 before use. pH 
titration was done by adding 0.1 M HCl to the PA solutions. Smoluchovski 
method was used to determine the zeta potential values. 
2.4.8 Oscillatory Rheology 
 Rheology measurements were performed with an Anton Paar Physica 
RM301 Rheometer operating with a 25 mm parallel plate at 0.5 mm gap 
distance. Freeze-dried peptide amphiphile molecules were dissolved in 
deionized water and pH was adjusted to 7 with 0.1 M NaOH solution. The total 
volume of each sample was set to 150 µl and gel formation was achieved by 
mixing 125 µl of peptide amphiphile solution (pH 7) with 25 µl of aqueous 
gelator solution (HCl or CaCl2). The gel was prepared on the lower plate of the 
rheometer and gelling agents were added dropwise in order to prevent any 
deformation on gel structure with a mole excess amount to ensure higher 
diffusion rate and improved interaction with PA molecules. Four different 
concentrations of PA and gelator were investigated using time sweep oscillatory 
measurements. Final concentration of PA and gelators are listed in Table 2. The 
stage temperature was adjusted to 25 °C and all samples were allowed to 
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equilibrate for 15 min before measurement to achieve stable gel formation. Wet 
tissue paper was placed inside the chamber around the edge of the plate to 
provide a humid environment preventing solvent evaporation from the sample 
during the experiments. Measurements were performed for 60 min at 10 rad/s 
and 0.5% strain.  
 Temperature dependent oscillatory rheology was performed for PA-HCl 
and PA-CaCl2 gels with final concentrations of 8.5 mM PA with 833.3 mM 
gelator. Measurements were performed from 25 °C to 85 °C at a heating rate of 




Table 2. Concentration of PA and gelator (HCl or CaCl2) for different 













20 16.9 2000 1666.7 
10 8.5 1000 833.3 
5 4.2 500 416.7 




Results and Discussions 
3.1 Design and Synthesis of Peptide Amphiphiles 
The PA molecule used during the study in this chapter is composed of an 
alkyl tail, β-sheet forming (VVAG) peptide sequence followed by a glutamic 
acid residue, which is effective in increasing the solubility of the molecule and a 
bioactive epitope (RGD), a peptide sequence that enhances cell adhesion (Figure 
2) [27]. The PA molecule was synthesized and purified with Agilent 6530-1200 
Q-TOF LC/MS equipped with ESI-MS and a Zorbax Extend C18 column. 
(Figure 3 and Figure 4).  
 
 






















Figure 4. Analytical HPLC trace of the PA. 
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3.2 Morphology of Peptide Amphiphile Nanofibers 
Nanoscale morphology of the PA nanofibers was observed by SEM. The 
nanofiber networks formed by PA nanofibers through CaCl2 or HCl addition are 
shown in Figure 5a and Figure 5b, respectively. The PA nanofibers formed 
bundles which were favored by interfibrillar interactions mediated by hydrogen 
bonding, electrostatic attractions between positively and negatively charged 
amino acids and ion bridging formed by calcium ions. As a result of SEM 
imaging, no significant differences in bundle and mesh size were observed 
between the nanofiber network and PA nanofibers formed through either 
mechanism.  
 PA nanofibers formed by addition of CaCl2 or HCl were visualized by 
transmission electron microscopy (TEM) and atomic force microscopy (AFM). 
TEM revealed that PA with CaCl2 and PA with HCl nanofibers are around 8-10 
nm in diameter and several micrometers in length (Figure 5c and Figure 5d 
respectively). AFM results indicated that PA molecules have formed nanofibers 
in several lengths for both self-assembly mechanisms. However, it is noteworthy 
that PAs with CaCl2 samples contain longer fibers whereas PAs with HCl 
samples contain shorter but more aggregated fibers arranged as bundles. Even 
though the PA-HCl and the PA-CaCl2 samples are quite similar in SEM figures, 
they show significant differences in AFM images. This difference is mostly due 





Figure 5. Scanning electron micrographs of the PA nanostructures 
demonstrating entangled fiber bundles. (a) PA with CaCl2 gel formed with 10 
mM PA and 100 mM CaCl2 (b) PA with HCl gel formed with 10 mM PA and 
100 mM HCl (scale bar 1µm). Transmission electron micrographs of (c) PA 
with CaCl2 gel and (d) PA with HCl gel. AFM topography micrographs of (e) 
PA with CaCl2 gel and (f) PA with HCl gel. 
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3.3 Circular Dichroism Spectra of Peptide Amphiphiles at Room 
Temperature 
  The effect of peptide secondary structure on the self-assembly process 
was studied by circular dichroism (CD) spectroscopy. Previous studies 
demonstrated that the cylindrical micelles formed by PA molecules contain 
β-sheets and that amino acids which are closer to the hydrophobic tail are 
considered to be critical for β-sheet secondary structure [7]. The effect of the 
self-assembly process on the secondary structure was studied with CD 
spectroscopy.  The CD experiments were carried out at room temperature and 
at variable temperatures. Three different formulations were studied; PA at pH 
7, PA with CaCl2 and PA with HCl. The PA at pH 7 was analyzed to 
determine whether the PA molecules self-assemble into defined secondary 
structures without any charge screening. The PA with HCl sample was 
studied in order to see the effect of pH change on the secondary structure 
formation of the PA nanofibers. The PA with CaCl2 formulation was studied 
to observe the effect of electrolyte addition without any pH change on 
secondary structure. 
 In CD spectra, the spectrum for random coil displays a small positive 
peak at approximately 230 nm and a large single peak at approximately 195 nm 
whereas β-sheet displays a negative band approximately at 220 nm and a 
positive band at 195 nm. Figure 6a shows the CD spectra of the PA at pH 7, PA 
with CaCl2 and PA with HCl samples. The CD studies revealed that both self-
assembly mechanisms, either through pH change or electrolyte addition, resulted 
in predominantly β-sheet signals. However, the PA solution at pH 7 revealed 
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random coil signal. These results show that the PA molecules do not self-
assemble into defined secondary structures at physiological pH without charge 
screening (CaCl2) or charge neutralization (HCl).  Addition of a divalent cation, 
Ca
2+
 or lowering the pH causes charge screening (Ca
2+
) and charge 
neutralization (H
+
) of these molecules. Charge screening and neutralization of 
PA molecules eliminate the repulsive forces and enable formation of hydrogen 
bonding networks. Formation of hydrogen bonding networks together with 
hydrophobic collapse of alkyl tail leads to formation of self-assembled 
structures [28]. Charge screening (Ca
2+
) and charge neutralization (H
+
) of the 
PA molecules have been studied by measuring the zeta potential of the three 
formulations (Figure 7a). The PA molecules at pH 7 were neutralized by 
addition of CaCl2 (1:5 molar ratio) or adjusting pH to 2. pH dependent charge 
neutralization of PA molecules is shown in Figure 7b. The CD and zeta potential 
data suggest that neutralization of the PA molecules leads to aggregation of 
these molecules and formation of β-sheet secondary structure. Thus, 
neutralization of charges enables PA molecules to self-assemble into defined 
nanostructures. Addition of EDTA to the PA with CaCl2 sample destroyed the β-
sheet assembly and resulted in random coil signals in CD spectrum due to the 
removal of Ca
2+ 





) is mainly brought about by dynamic interactions 





Figure 6.Circular dichroism spectra of the PA (a) at pH 7, PA at pH 2 and PA 
with CaCl2 at room temperature. Circular dichroism spectra of (b) PA with 
CaCl2 (1:5 molar ratio), (c) PA with HCl (pH 2) between 25 ºC and 90 ºC. (d) 
Ellipticity at 221 nm for PA with CaCl2 (1:5 molar ratio) and PA with HCl (pH 





Figure 7. (a)Zeta potential graph of the PA at pH 7, pH 2 and pH 7 with CaCl2, 






Figure 8. The PA with CaCl2, addition of EDTA disturbs β-sheet structure 




3.4 Fourier Transform Infrared Spectroscopy of Peptide Amphiphiles 
 FT-IR spectroscopy was also used for the analysis of the three 
formulations (pH 7, pH 2 and pH 7 with calcium ions) used in the CD 
experiments. FT-IR spectra for all three formulations exhibit an amide I peak at 
1633 cm
-1
 which is typical for β-sheets [29] (Figure 9). Although a β-sheet 
signal is expected from samples of pH 2 and pH 7 with calcium ions, the pH 7 
sample also exhibited β-sheet. It is likely that β-sheet signal observed in pH 7 
sample is due to the stacking and close packing of the PA molecules during 
lyophilization process. These results suggest that both FT-IR and CD 
experiments reveal consistent results, indicating effect of pH screening and 















Figure 9.  FTIR spectra of lyophilized PA with CaCl2, PA with HCl, PA 
at pH 7. 
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3.5 Circular Dichroism Spectra of Peptide Amphiphiles at Variable 
Temperatures 
Variable temperature CD studies enabled monitoring of the thermal 
denaturation of the β-sheet secondary structure triggered by CaCl2 addition or 
lowering the pH. At 25 ˚C, characteristic β-sheet traces with negative bands at 
about 220 nm and positive bands around 202 nm were observed for CaCl2 and 
pH 2 samples. The β-sheet signals gradually diminished while heating from 25 
˚C to 90 ˚C indicating denaturation of peptide assemblies formed by β-sheet 
composed of hydrogen bonding, Figure 6b and Figure 6c. Both CaCl2 and pH 2 
samples exhibited similar melting profiles with melting temperatures at around 
60-65 ˚C (Figure 6d). At pH 3.6 and in the presence of 1.43 molar equivalent of 
CaCl2, the CD spectra at room temperature possess red shifted bands and strong 
signals at π-π* transition region (Figure 10a, Figure 10b) which may 
additionally indicate β-sheets existing in twisted conformation rather than planar 
in these samples [30]. At pH 3.6, the PA molecules are partially neutralized for 
charges (Figure 11). At this particular pH and CaCl2 concentration full charge 
screening does not occur and so electrostatic interactions may be fomenting PAs 




Figure 10. Circular Dichroism spectra of (a) PA with CaCl2 (1:1.43 molar ratio), 
(b) PA with acetate buffer (pH 3.6) between 25 ºC and 90 ºC. (c) Ellipticity at 
221 nm for PA with CaCl2 (1:1.43 molar ratio) and PA with acetate buffer (pH 




Figure 11. pH titration of the PA solution. 
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3.6 The mechanical Properties of Peptide Amphiphile Gels 
The mechanical properties of the gels formed by PA nanofibers were 
studied with oscillatory rheology. Storage modulus (G’) and loss modulus (G”) 
were recorded as a function of time and temperature. The results of the time 
sweep rheology experiments of the PA with CaCl2 and PA with HCl gels at 
different concentrations are shown in Figure 12. The storage moduli of the gels 
increased rapidly and leveled off at a plateau for each concentration because of 
aging process (Figure 13-20). For all concentrations, the G’ value higher than 
G” implies that these gels act as elastic solids [31]. It is noteworthy that 
viscoelastic behaviors of the gels formed by HCl or CaCl2 demonstrate 
significant differences. Storage and loss modulus values of time dependent 
measurements, which lasted 60 min, were compared. 
The gels formed by the same PA molecules at identical concentrations 
with different gelators have considerable differences in stiffness due to changes 
in the self-assembly mechanism (Figure 12). Figure 21 shows the effect of 
concentration on storage moduli of the gels. (Figure 12 storage and loss modulus 





Figure 12. Time sweep oscillatory rheology measurements (t: 60 min) of PA 
with CaCl2 and PA with HCl gels (a) 16.9 mM PA and 1.6 M HCl or CaCl2, (b) 
8.5 mM PA and 0.833 M HCl or CaCl2, (c) 4.2 mM PA and 416.7 mM HCl or 





Figure 13. Time sweep oscillatory rheology measurements (t: 0-60 min) 





Figure 14. Time sweep oscillatory rheology measurements (t: 0-60 min) 





Figure 15. Time sweep oscillatory rheology measurements (t: 0-60 min) 





Figure 16. Time sweep oscillatory rheology measurements (t: 0-60 min) 





Figure 17. Time sweep oscillatory rheology measurements (t: 0-60 min) 





Figure 18. Time sweep oscillatory rheology measurements (t: 0-60 min) 





Figure 19. Time sweep oscillatory rheology measurements (t: 60 min) of 





Figure 20. Time sweep oscillatory rheology measurements (t: 60 min) of 





Figure 21. Macroscopic rheological study of the gels prepared with calcium and 
HCl shows that both gels scale with a 3/2 exponent on concentration, calcium 




 Temperature dependent oscillatory rheology was performed in order to 
investigate the variations in the behavior of PA gels with respect to temperature 
change for different gelation mechanisms (Figure 22). These PA gels respond in 
significantly different ways to an increase in temperature.  The PA with HCl 
gels started to lose their mechanical properties at 30-40 °C whereas the PA with 
CaCl2 gels started to denature at around 60-70 °C. The stability of the PA with 
CaCl2 gels might be due to calcium bridging resulting in interfiber interactions 
and covering the PA fibers with calcium ions. It is widely known that 
metalloproteins have increased stability against temperature and this effect is 
observed in hot spring bacteria, proteins of which are not denatured at high 
temperatures [32-33]. However, the PA with HCl gels cannot withstand high 
temperatures. There are considerable differences for starting point and ending 
point values of both storage and loss moduli between time and temperature 
dependent experiments because of the differences in experimental set up and 
time interval of data points. 
 In the CD spectra, the denaturation profiles due to temperature increase 
were similar for cation triggered and pH triggered PA assemblies. However, 
different thermo-mechanical responses were observed for PAs gelled with CaCl2 
or HCl with temperature dependent oscillatory rheology. It should be noted that 
the gels used had concentrations at mM scale in the rheology studies whereas at 
the scale of 10-150 µM in the CD measurements. Thus, melting curves obtained 
with CD are more likely to be a reflection of the breaking of hydrogen bonds 
within assemblies, as a result of the nature of intrafibrillar attractions. On the 
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other hand, the responses observed with oscillatory rheology are related to the 
three-dimensional network mechanics in which interfibrillar attractions are more 




Figure 22. Temperature dependent oscillatory rheology of (a) PA with CaCl2 
gels (b) PA with HCl gels (Strain: 0.5%, Frequency: 10 rad/s). Dashed lines 





In this chapter we studied the elasticity of supramolecular peptide 
amphiphile nanofiber gels. Macroscopic (rheological) measurements yielded 
significantly differing elastic moduli for gels prepared using calcium or HCl as 
the gelation agent. Circular dichroism measurements suggest that intrafiber 
bonds begin to disintegrate above 60 ºC for both calcium and HCl gels. 
However, gel elasticity displays different temperature dependence for the two 
different gels. These observations suggest that the model describing gel stiffness 
must contain effects other than those affecting single fiber elasticity. Based on 
these results, we point out that the discrepancy in gel stiffness for the calcium 













Corneal opacification due to various reasons (trauma/diseases) resulting 
in vision loss, affects 10 million people in the world and it is generally treated 
by cornea transplantation [34-35]. However, organ donation is not favored in 
many cultures, the preservation of the donated tissue is problematic and the 
donated corneas may not be transplanted due to pathogen transmission risk and 
laser vision corrective surgery which makes cornea useless for transplantation. 
Even though, cornea is one of the easiest and highly successfully transplanted 
organs, it results in immunological rejection with 18% failure rate in endothelial 
layer breakdown cases [36]. Thus, donor shortage and the incidence of immune 
rejection address the need for bioengineered corneas produced with regenerative 
medicine approach. Additionally, for the need of cornea transplantation, the 
bioengineered corneas can answer the need for toxicology and drug therapy 
studies on cornea.   
1.1 Cornea Structure 
Cornea is a clear, dome shaped, highly innervated, avascular and 
immune privileged tissue that shields anterior part of eye from external effects 
[37]. Cornea is constituted of three major layers; the outermost epithelium layer, 
stroma and innermost endothelium layer [37-39]. Stroma is the thickest part of 
the cornea and formed by quiescent corneal fibroblasts -keratocytes-, which are 
sandwiched between collagen lamellae [40]. Bowman’s membrane is positioned 
between epithelial layer and stroma, and Descemet’s membrane separates 
stroma from endothelium. A healthy cornea has three priority tasks; protection 
of eye from the outside, being transparent for light transmission and refraction 
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of light for image formation. Each layer of cornea has important roles for 
performing these functions, which are explained in more detail below. 
1.1.1 Epithelial Layer 
Epithelial layer is the outermost layer of cornea that is formed by 
stratified, non-keratinizing squamous epithelial cells. The smooth surface of 
cornea has prime importance in refractive power. Tear film over epithelial layer 
forms a wet surface over cornea that smoothens the surface and nourishes the 
epithelial cells [41] . In addition to these, tear film protects the cornea by 
including proteolytic enzymes and lysozyme from bacteria, supplies oxygen to 
epithelial cells [42] and contains growth factors like EGF and supports re-
epithelization of cornea [43-45].  Epithelium consists of 5-7 layers of cells and 
contains mainly three cell types. The surface of the epithelium is formed by 
squamous epithelial cells that have tight junctions between them and this layer 
acts as a protective barrier against foreign materials. Daughter and wing cells are 
positioned in the middle layer of epithelia. Bowman’s membrane is an acellular 
layer beneath stratum germinatum and mainly consists of several types of 
collagen [46-47], laminin hemidesmosomes and anchoring fibrils.  
The epithelial cell population in cornea is supported by stem cells that 
are positioned in limbal site in the eye [48]. In addition to acting as a protective 
barrier against foreign molecules, epithelial layer also has a role in water 
balance maintenance in cornea. The nerve endings in epithelium provide 
sensitivity to cornea. Besides these features, epithelial layer forms a smooth 
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surface that enables passage of oxygen and nutrients from tear and distributes to 
cells in cornea.   
1.1.2 Stroma 
Stroma is thickest part of cornea (500 µm thick), which constitutes 
mainly type I and V collagen fibers that are organized in parallel bundles called 
lamellae [49]. The uniform spacing between collagen fibers and their parallel 
organization in stroma are thought to role in corneal transparency and better 
light transmission. Each lamella is tangentially stacked to the surface of cornea 
and perpendicular -in terms of collagen fibril direction- to each other and 
contains mesenchymal-originated, quiescent fibroblast cells, –the keratocytes -, 
between them [40].  
Keratocytes have slow turnover rate [50]. They stay in G0 phase instead 
of terminally differentiating and get into two different paths in case of injury; 
they either enter to apoptotic or repair phases [51]. When they enter to repair 
phase, they either form a scar tissue in the wound area or they start to proliferate 
[49]. In case of cornea injury, epithelial cells secrete IL-1a which leads to cell 
death in upper layer of stroma [52] and induces proliferation of other 
keratocytes. TGF-β is known to activate myofibroblast transformation of 
keratocytes. [53] Secretion of TGFβ2 from epithelial cells due to loss of 
basement membrane causes transformation of keratocytes into myofibroblasts 
[54]. Myofibroblasts secrete ECM in wound area and when TGFβ2 secretion 
halts, they lose their myofibroblast phenotype.  
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ECM and stroma interaction forms the key in cell based regenerative 
medicine approach for corneal tissue engineering. Stroma consists of acellular 
extracellular matrix environment formed by parallel aligned collagen fibers, 
proteoglycan (PG) core proteins [55], glycosaminoglycans (GAGs) like keratin 
sulfate and dermatan sulfate [56] and other well known proteins, laminin and 
fibronectin. Lumican [57], keratocan [58-59] and mimecan [60] are the main 
proteoglycan core proteins and generally have attached keratin sulfate side 
chains. It is a known fact that the composition of ECM has a crucial role in 
water content [61] and collagen diameter [62-63] and arrangement [64-65] in 
cornea. Uniform spacing of collagen fibers have important roles in cornea’s 
refractive power. Together with collagen arrangement, cytoplasmic crystallin 
proteins have important roles in transmission of light [66] and refractive index 
match.  In addition to these, stroma is also responsible for the mechanical 
properties of cornea [67].   
1.1.3 Endothelial Layer 
Cornea endothelium is a monolayer formed by ~ 400,000 hexagonal 
endothelial cells that have ability of transportation. Endothelial layer has 
transporting activity and has an important role in cornea transparency by acting 
as a pump [68-69]. A fully functional endothelium pumps out water that imbibes 
through into stroma. If endothelium cannot perfom its function, cornea swells, 
loses its transparency, becomes hazy and thus loses function. Due this feature of 
endothelium, it has a vital position in tissue engineering of cornea.  
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In addition to the “pump” function of endothelium, co-culturing 
epithelium and endothelium has demonstrated that it affects epithelium’s 
structure and activities [70-71]. In contradistinction to rabbit and pig endothelia, 
human endothelium does not proliferate in vivo, and culturing of these cells is 
rather difficult with respect to epithelial and stromal cells. Thus, cell loss in 
endothelial layer is compensated by spreading of the remaining cells. Although 
these cells are quiescent, they have not lost their replicative feature being 
arrested in G1 phase of cell cycle [72-73] and can be cultured on human stroma 
or other culturing methods [74-76].  
1.2 Fully Synthetic Replacements 
 The synthetic replacements for cornea, known as “keratoprostheses”, are 
artificial corneas that contain an optically clear center for functionality which is 
surrounded by a porous skirt that enables the attachment of the prostheses to 
cornea. They are mostly made of plastics and rather than aiming regeneration of 
cornea, they aim improvement in the function of cornea.  Keratoprosthesis has 
been used for more than a century and there are commercially available 
keratoprostheses. However, the most promising keratoprostheses, which has 
achieved clinical success [77-78], AlphaCor
TM
 has been reported to cause 
progressive stroma melting and epithelial defects [79].  Although they are 
sufficient for visual correction of cornea and enable cornea to regain function, 
they are problematic in integration to host tissue and cause necrosis in eye. For 
this reason several researchers have tried to produce biocompatible skirts, 
utilizing biologically derived materials used for skirts and developed osteo-
odontoprosthesis [80]. The optically clear part of the prostheses was placed 
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inside of a tooth; however, it had several complications like vascularization, 
abscess formation and extrusion. Researchers have developed other 
keratoprostheses with better features [81-83], however they still have limits and 
problems and keratoprostheses are usually suggested for patients with severe 
chemical burns, ocular pemphigoid, Stevens-Johnson syndrome or graft 
rejections [84].  For all these reasons, efficient corneal tissue engineering studies 
are needed for generation of healthy cornea.   
1.3 Corneal Tissue Engineering Applications 
 Until now, many different approaches have been tried on construction of 
fully functional corneal equivalents; however, none has succeeded in the proper 
sense. These approaches has been classified under four titles as; classical tissue 
engineering, developmental tissue engineering, de novo tissue engineering and 
hybrid tissue engineering [85]. Classical tissue engineering aproach depends on 
the seeding of fibroblast cells into biodegradable matrices followed by 
remodelling in vitro or in vivo. Developmental tissue engineering is stimulation 
of fibroblast/ic cells to produce corneal stroma like structure in vitro prior to the 
implantation. De novo tissue engineering is the design and assembly of the 
ultrastructure of corneal stroma in which corneal fibroblasts can be seeded and 
hybrid tissue engineering approach is a combination of these methods.  
Most of the tissue engineering studies aiming corneal stroma 
regeneration are based on the classical approach that uses a biodegradable 
scaffold which will enable the adhesion and proliferation of corneal cells. The 
main barrier for corneal tissue engineering lies in mimicking or producing the 
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well-organized structure of stroma. The first promising corneal tissue 
engineering study in which collagen based scaffolds were used, was done by 
Griffith et al in 1999. They have used a collagen-chondrotin sulfate substrate 
that is cross-linked with gluteraldehyde. Immortalized human corneal cell lines; 
epithelial, stromal and endothelial cells were seeded on top, middle and bottom 
layer of the substrate respectively and grown in cell culture media. The cultured 
corneal equivalents were evaluated for their transparency, histology and 
morphology. Engineered corneas were transparent and have responded similarly 
to human corneas to injuries by means of gene expression and optical clarity. 
Although the corneal equivalent had similar properties to human cornea, it was 
not sufficient for cornea replacement.  
The mechanical properties of stroma and stroma analog “scaffolds” are 
vital for tissue engineering of cornea. Synthetic polymer-collagen scaffolds have 
been used in an effort to increase mechanical strength of scaffolds. The synthetic 
material is expected to deal with mechanical requirements that provide 
mechanical sufficiency and collagen part provides biocompatibility and 
biofunctionality to the scaffold. For this purpose, in 2003, Li et al used a 
collagen-copolymer scaffold, in which copolymer enables proteins and peptides 
to cross-link. In this study, YIGSR peptide sequence was used for providing 
bioactivity. YIGSR is a motif of laminin responsible for adhesion and has been 
proven to improve epithelial cell growth [86] and neurite extension [87]. 
Although these scaffolds were reported to be weaker than human cornea, they 
were strong enough for surgical procedures like suturing [88]. The nerve re-
growth and touch sensitivity has been reported to occur in a relatively shorter 
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time in cornea grafts with the composite material than the allografts. This study 
demonstrated the importance of utilizing scaffolds that contain different 
materials having distinct properties together with co-usage of synthetic polymers 
and natural materials like collagen.  
1.4 Corneal Tissue Engineering with Peptide Amphiphiles 
Peptide amphiphiles (PA) are self-assembling molecules that are 
composed of a hydrophobic alkyl tail and a peptide segment. PA molecules tend 
to self assemble into nanofibers through intermolecular hydrogen bonding [1]. 
The interactions between these nanofibers induce formation of a three 
dimensional network that encapsulates water in aqueous environment forming 
gels, which can mimic extracellular matrix. PA based nanofiber networks are 
promising biomaterials for tissue engineering applications due to their flexibility 
in terms of physical, chemical and biological features. Bioactive PA gels have 
been used for a number of different applications like cartilage [89], bone [90], 
neural regeneration [13] and angiogenesis [91] as a synthetic extracellular 
matrix mimicking agent.  
In this study, we utilized PA molecules in order to increase stroma 
thickness through tissue regeneration. The PA molecules were designed to have 
a hydrophobic alkyl chain and a β-sheet forming amino acid sequence, both of 
which were used to induce nanofiber formation through self-assembly, and a 
bioactive peptide sequence that contained laminin derived [86, 92] “YIGSR” 
peptide sequence which is known to play a role in cell adhesion [93] and 
migration [94]. The chemical and physical characterization of PA gelswere 
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investigated with rheology, circular dichroism, scanning electron microscopy, 
transmission electron microscopy and atomic force microscopy. The 
biocompatibility and bioactivity of PA hydrogels were tested on human corneal 
fibroblast (HTK) cells. 
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Materials and Methods 
2.1 General Methods 
The identity and purity of the PAs were assessed by LC-MS (Agilent 
1200/6530) equipped with either Agilent Zorbax Extend-C18 2.1 x 50 mm 
column for basic conditions or Zorbax SB-C8 4.6 mm x 100 mm column for 
acidic conditions. Agilent preparative reverse-phase HPLC system equipped 
with Zorbax Extend-C18 21.2 x 150 mm column was used for basic conditions 
and Zorbax SB-C8 21.2 × 150 mm column was used for acidic conditions for 
the purification of peptides. A gradient of (a) water (0.1% formic acid (for acidic 
conditions) or 0.1% NH4OH (for basic conditions)) and (b) acetonitrile (0.1% 
formic acid (for acidic conditions) or 0.1% NH4OH (for basic conditions)) was 
used.  
2.2 Materials 
9-Fluorenylmethoxycarbonyl (Fmoc) protected amino acids, lauric acid, 
[4-[α-(2’,4’-dimethoxyphenyl) Fmoc-amino methyl] phenoxy] 
acetomidonorleucyl- MBHA resin (Rink amide MBHA resin), 2-(1H-
Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU), 
and diisopropylethylamine (DIEA) were purchased from Merck and ABCR. 
100-200 mesh Wang resin was purchased from NovaBiochem and valine was 
loaded onto it for Fmoc-Val-Wang resin. All other chemicals and materials used 
in this study were analytical grade and obtained from Invitrogen, Fisher, Merck, 




2.3 Synthesis and Purification of Peptide Amphiphile Molecules 
Peptide amphiphile (PA) molecules were synthesized by using 
fluorenylmethoxycarbonyl (Fmoc) chemistry. Synthesis was performed 
manually on a 1 mmole scale using a 50 ml peptide synthesis vessel on a wrist 
action shaker. Either Fmoc-Glu-(OtBu)-Wang resin or Rink amide MBHA resin 
was used for peptide synthesis.  For each coupling reaction, Fmoc groups were 
removed by shaking resins in 20% piperidine in N,N-dimethylformamide 
(DMF) for 20 min. After each reaction, resins were washed three times with 
DMF, dichloromethane (DCM) and DMF respectively. All amino acids were 
activated by adding 2 molar equivalents of amino acid to 1.95 equivalents of O-
Benzotriazole-N,N,N’,N’-tetramethyl-uronium-hexafluoro-phosphate (HBTU) 
and dissolved in 10 ml of DMF. After complete dissolution of amino acid and 
HBTU in DMF, 3 molar equivalents of N-ethyl-diisopropylamine (DIEA) were 
added into the solution. The solution was mixed thoroughly and kept for 3 min 
before adding to the resin. Each coupling reaction was performed for 2.5 h. 
Lauric acid was coupled to the peptide’s N-terminal. Ninhydrin test was 
performed after addition of each amino acid and after addition of the lauric acid. 
When ninhydrin test yielded positive results, coupling reaction was repeated; 
otherwise 10 ml of 10% acetic anhydride in DMF was added and resins were 
shaken for 30 min.  Peptide cleavage and removal of the protecting groups were 
performed with 95:2.5:2.5 trifluoroacetic acid (TFA): triisopropylsilane (TIS): 
water for 2.5 h at room temperature. After cleavage reaction, PA molecules were 
collected in a clean round bottom flask and DCM wash was performed for 
several times. Collected solution was rotary-evaporated. After evaporation, ice-
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cold diethyl ether was added and was left at -20 °C overnight. PA-diethyl ether 
mixture was collected in 50 ml falcon tubes and centrifuged at 8000 rpm for 25 
min. Supernatant was decanted and the remaining diethyl ether was evaporated. 
The pellet was dissolved in deionized H2O at a resistance of 18.2 Ω and was 
freeze-dried.  
2.4 Oscillatory Rheology 
Rheology measurements were performed with an Anton Paar Physica 
RM301 Rheometer operating with a 25 mm parallel plate at a 0.5 mm gap 
distance. Freeze-dried YIGSR-PA molecules and CS were dissolved in 270 mM 
isotonic sucrose solution and the pH was adjusted to ~7 with 0.1 M NaOH 
solution for the in vivo experiment model. 200 µl of 2.5 (w/v) % YIGSR-PA 
was mixed with 50 µl of 3 (w/v) % CS. For the in vitro experiment model, 
lyophilized YIGSR-PA, Lys-PA and Glu-PA molecules were dissolved in 
deionized water and pH was adjusted to ~7 with 0.1 M NaOH solution.  166 µl 
of 2 wt % YIGSR-PA was mixed with 84 µl of 2 wt % Glu-PA. 166 µl of 2 wt 
% Lys-PA was mixed with 84 µl of 2 wt % Glu-PA. The gel was prepared on 
the lower plate of the rheometer and gelling agents were added dropwise in 
order to prevent any deformation of the gel structure. The stage temperature was 
adjusted to 25 °C and all samples were allowed to equilibrate for 15 min to 
achieve stable gel formation before the measurements were taken. Wet tissue 
paper was placed inside the chamber around the edge of the plate to provide a 
humid environment and prevent solvent evaporation from the sample during the 
experiments. Measurements were taken for 60 min at 10 rad/s and 0.5% strain.  
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2.5 Circular Dichroism (CD) 
CD spectra of the PA solutions were obtained using a J-815 Jasco 
spectrophotometer in the far UV region using quartz cuvettes with 1 mm path 
length. The spectra were acquired for three formulations; YIGSR-PA at pH 7, 
YIGSR-PA mixed with CS and YIGSR-PA mixed with Glu-PA. PA molecules 
(YIGSR-PA, and Glu-PA) and CS were dissolved in deionized water at 0.01 wt 
% and 0.012 wt % respectively. pH of each solution was adjusted to 7 before 
use. YIGSR-PA/Glu-PA solution was mixed at 2:1 volume ratio and YIGSR-
PA/CS solutions were mixed at 4:1 volume ratio. Averages of three scans of 
each sample were taken. CD spectra were obtained from 190 nm to 300 nm at a 
digital integration time of 1 s, a band width of 1 nm and a data pitch of 0.1 nm. 
2.6 Scanning Electron Microscopy (SEM) 
The nanoﬁber network formation ability of YIGSR-PA at different 
conditions was observed with scanning electron microscopy (SEM). 2.5 wt % 
YIGSR-PA solution was prepared in isotonic sucrose solution (270 mM). In 
order to form YIGSR-PA/CS gel, 20 µL of PA solution was mixed with 5 µL of 
aqueous 3 wt % CS (Sigma- Aldrich C6737) solution. For YIGSR-PA/E-PA 
gels, 20 µL of 2.5 wt % YIGSR-PA solution was mixed with 10 µL of 2.5 wt % 
E-OH PA.  For Lys-PA/E-PA gels, 20 µL of 2.5 wt % Lys-PA solution was 
mixed with 10 µL of 2.5 wt % E-OH PA. The mixing ratio was adjusted to 
screen the charges on the positively charged YIGSR-PA molecules at 
phsiological conditions. Gels were incubated for 10 min for maturation and 
dehydrated gradually with increasing concentrations of ethanol. Ethanol was 
then removed by critical point drying (Tousimis, Autosamdri-815B). The 
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samples were sputter-coated twice with 3 nm of Au/Pd to ensure complete 
coating. Visualization of the nanoﬁber networks was carried out with an FEI 
Quanta 200 FEG scanning electron microscope with ETD detector with high 
vacuum between 10-30 kV and an average working distance of 10 mm.  
2.7 Atomic Force Microscopy (AFM) 
 AFM samples were prepared on 1 cm
2
 silicon wafers (with low residual 
roughness (<1 nm/µm2)) using 30 µl of 0.01 wt % PA solutions. 40 µl of 0.01 
wt % YIGSR-PA was mixed with 10 µl of 0.012 wt % chondroitin sulfate. 65 µl 
of 0.01 wt % YIGSR-PA was mixed with 35 µl of 0.01 wt % Glu-PA. 30 µl of 
0.01 wt % Lys-PA was mixed with 15 µl of 0.01 wt % Glu-PA. Samples were 
drop casted on silicon wafers and left for air drying in a chemical fume hood. 
Dynamic mode imaging was used to image the topography of the resulting 
samples, using appropriate cantilevers (cantilever stiffness of k=3-40 N/m, 
resonance frequency of f0=70-350 KHz for the dynamic mode).  
2.8 Cell Culture and Maintenance 
 The viability, adhesion and proliferation profiles of cells on YIGSR-PA 
nanofibers were studied using human corneal keratocytes (HTKs) previously 
developed by Jester et al. [95]. HTKs were cultured in 75 cm
2
 polystyrene cell 
culture flasks with Dulbecco’s modified eagle serum (DMEM) containing 10% 
Fetal Bovine Serum (FBS) and 1% Penicillin/Streptomycin. HTKs are known to 
express myofibroblast markers in media with 10% FBS and keratocyte markers 
in serum free media [95]. In case of corneal wounding, keratocytes differentiate 
into myofibroblasts. In order to simulate the environment of the in vivo 
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experiment, where corneas were wounded by opening corneal pockets, HTKs 
were cultured at 10% FBS. All of the in vitro experiments and passaging of cells 
were performed when cells became ~80% confluent. Cells were diluted 1:3 for 
splitting. 
2.9 In vitro Application of Peptide Amphiphile Molecules 
Three experimental groups have been designed to assess the 
biocompatibility and bioactivity of YIGSR-PA on HTK cells; a) collagen, the 
main component of ECM was used as a positive control, b) YIGSR-PA was 
mixed with Glu-PA (Figure 1) and c) non-coated tissue culture plate was used as 
negative control. For each experiment, 0.2 wt % YIGSR-PA and Glu-PA was 
mixed with 1.85:1 volume ratio and 0.01 wt % collagen solution was used. 
Experiments were performed in 96-well plates containing 100 µl of total PA 
solution and 35 µl collagen solution. For 24-well plates, 600 µl of total PA 
solution and 210 µl collagen solution were used. Coated plates were incubated 
at 37 °C for 45 min and water evaporated within laminar flow hood overnight. 
After complete drying of collagen and PA coated wells, plates were UV-
sterilized before culturing HTKs. 2 x 10
4 
and 3 x 10
3 
HTKs were seeded into 
each well of 24-well plates and 96-well plates, respectively. PA and collagen 
coatings were performed on glass coverslips placed within wells of 24-well 
plates. 
2.10 Biocompatibility assesment by using viability assays 
Live/Dead Assay was used for determination of the effect of YIGSR-PA 
on viability of HTKs. 3 x 10
3 
cells were seeded in each well (n=5) of 96-well 
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plates and cultured for 3 days. At the end of incubation time, medium was 
aspirated and cells were washed with PBS, and stained with 100 µL of 2 µM 
Calcein AM and 4 µM ethidium homodimer-1 solution. After 45 min of 
incubation at room temperature, the quantification of cytotoxicity was 
determined by calculating the ratio of live cells to total cells by using a 
flourescence microscope. 
2.11 Cell adhesion assays for cell-material interaction analysis 
Adhesion of HTKs seeded on PA coated, collagen coated and bare glass was 
assessed by staining filamentous actins and nuclei with TRITC-conjugated 
phalloidin and TO-PRO
®
-3 iodide, respectively. After preparation of PA and 
collagen coated wells within 24-well plates, 2 x 10
4
 HTKs were seeded in each 
well and incubated for 24 h. At the end of incubation time, cells were fixed with 
4% paraformaldehyde and permeabilized with 0.1% Triton-X 100. Following 
PBS wash, TRITC-conjugated phalloidin staining and TO-PRO
®
-3 iodide 
staining were performed. Cells were kept in PBS for 45-60 min before 
observation under Zeiss LSM 510 confocal microscope. 
 The HTK and surface interaction at micro scale was assessed by electron 
microscopy. HTKs cultured on PA or collagen coated and bare glass surfaces 
were incubated for 24 h. 2.5% gluteraldehyde fixation was followed by 1% 
OsO4 fixation after which water content was removed by incubation in gradual 
increases of ethanol. Samples within 100% ethanol were critical point dried with 
Tourismis Autosamdri
®
-815B critical-point-drier. Dried samples were coated 
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with 4 nm Au/Pd and observed under high vacuum mode with FEI Quanta 200 
FEG scanning electron microscope equipped with ETD detector.      
2.12 Cell proliferation assays 
The proliferation capacity of corneal fibroblasts was assessed with 5-
bromodeoxyuridine (BrdU) incorporation. Corneal fibroblasts were cultured in 
96-well plates (n=5) on uncoated, YIGSR-PA coated and collagen coated 
surfaces for 72 hr.  At 54 hr, BrdU labelling solution was added to cells at a final 
concentration of 10 µM and incubated for 18 hr. Cell culture medium was 
tapped off and 200 µl/well of FixDenat solution was added and cells were 
incubated for another 30 min at RT. Fix/Denat solution was tapped off and 100 
µl/well of anti-BrdU-POD working solution was added and incubated for 90 
min. Supernatant was removed by tapping off and cells were washed with PBS 
for three times. Cells were dried with tapping the plate and 100 µl/well substrate 
solution was added. Cells were incubated for 30 min at RT with substrate 
solution and the absorbance was measured every 5 min at 370 nm with 
SpectraMax M5 Microplate Reader, Molecular Devices. Results obtained at 15
th
 
min were used for the analysis. 
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Results and Discussion 
3.1 Experimental Conditions 
Physical and chemical characterization of YIGSR-PA molecules were 
performed for two different conditions. The differences between these 
conditions originated due to application conditions of YIGSR-PA molecules for 
in vitro and in vivo experiments.  
The first condition was to mimic the gels used for in vivo experiments. 
During the in vivo experiments, YIGSR-PA was injected into corneal pockets 
which were surgically opened within stroma. Although YIGSR-PA was injected 
in solution form, the solution transformed into hydrogels at the injection site 
since stroma is rich in negatively charged glycosaminoglycans (GAG), which 
induce nanofiber formation with these positively charged PA molecules through 
charge neutralization. Chondroitin sulfate (CS) was used as a model GAG for 
this purpose, since it is a prevalent GAG within corneal stroma.  
Second condition was utilized to mimic the environment of in vitro 
experiments, where negatively charged Glu-PA was used as a non-bioactive 
gelator of positively charged YIGSR-PA through self-assembly of the 
nanofibers caused by charge neutralization. 
3.2 Design, Synthesis and Purification of Peptide Amphiphiles 
Lauryl-VVAGKYIGSR-Am (YIGSR-PA), lauryl-VVAGE (Glu-PA) and 
lauryl-VVAGK-Am (Lys-PA) molecules were designed and synthesized to form 
nanofibers as artificial ECM material (Figure 23). YIGSR-PA contains 
“YIGSR” epitope of laminin and is known for its activity on cell adhesion [93] 
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and migration [94]. “YIGSR” epitope has been used for a number of cell types 
like corneal epithelial cells [96], fibroblast cells [97] and neonatal cardiac 
myocytes [98]. In this study, YIGSR signal was used for inducing corneal 
fibroblast migration and adhesion. Glu-PA is a negatively charged PA molecule 
at physiological pH and was used as a gelation agent for YIGSR-PA. For in 
vitro studies, YIGSR-PA was mixed with Glu-PA, which does not contain a 
bioactive epitope, in order to observe the bioactivity of “YIGSR” epitope only. 
Lys-PA is a positively charged PA molecule at pH 7.4 and was used as a control 
to test the bioactivity of the YIGSR-PA. The PA molecules were synthesized 
and purified (Figure 23-29) with Agilent 6530-1200 Q-TOF LC/MS equipped 
with ESI-MS and a Zorbax Extend C18 column for basic conditions and Zorbax 











Figure 24. RP-HPLC chromatogram of the YIGSR-PA. Absorbance at 





Figure 25. Electrospray ionization mass spectra of the YIGSR-PA. 
(M+H)observed+=1230.81, (M+H)calculated+=1230.81,  (M+2H)+2/2observed+= 





Figure 26. RP-HPLC chromatogram of the Glu-PA. Absorbance at 220 
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-1
 observed+= 1309.80, 
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-1





Figure 28. RP-HPLC chromatogram of the Lys-PA. Absorbance at 220 





Figure 29. Electrospray ionization mass spectra of the Lys-PA. 
(M+H)observed+=654.49, (M+H)calculated+=654.49,(2M+H)observed+= 1307,97 




3.3 Nanoscale Morphology of Peptide Amphiphile Molecules 
3.3.1 SEM Imaging of Peptide Amphiphile Nanofiber Networks 
Morphology of the network formed by PA nanofibers was studied with 
SEM. The nanofiber formation of YIGSR-PA molecules through addition of 
chondroitin sulfate or negatively charged non-bioactive Glu-PA and Lys-PA 
molecules with Glu-PA are shown in Figure 30 a, b and c, respectively. PA 
nanofibers formed an ECM like nanofibrous network.  
3.3.2 AFM Imaging of Peptide Amphiphile Nanofibers  
PA nanofiber formation through addition of chondroitin sulfate or Glu-
PA to YIGSR-PA and Lys-PA through addition of Glu-PA was also studied 
with AFM (Figure 30 d, e and f, respectively). AFM results indicated that PA 
molecules formed nanofibers in several lengths for different combinations. For 
all three conditions, PA molecules formed similar nanofiber networks observed 
with SEM. On the other hand, there is a significant difference between Glu-PA 
and chondroitin sulfate directed PA nanofiber formation observed with AFM. 
The difference is due to the drying of samples during AFM sample preparation 
that leads to fiber bundle formation. The bundling capacity of PA nanofibers 
depends on the self-assembly/cross-link mechanism affecting the nanofiber 





Figure 30. Scanning electron micrographs of (a) Lys-PA gel formed 
with Glu-PA, (b) YIGSR-PA gel formed with Glu-PA and (c)YIGSR-PA 
gel formed with chondroitin sulfate (scale bars are 5 µm for a and b, 10 
µm for c). AFM topography images of (d) Lys-PA gel formed with Glu-
PA, (e) Lys-PA gel formed with Glu-PA and (f) YIGSR-PA gel formed 




3.4 Circular Dichroism Spectra of Peptide Amphiphile Molecules 
Circular dichroism spectra were used to study the secondary structure of 
PA nanofibers. The signature of β-sheets observed in the CD spectra display a 
negative band at 220 nm and a positive band at 195 nm. The β-sheet secondary 
structure was prevalent for YIGSR-PA and Glu-PA at physiological pH. The 
observation of β-sheet secondary structure indicates formation of hydrogen 
bonding networks which in turn leads to formation of nanostructures with the 
help of hydrophobic collapse of alkyl groups, thus supports the viscous behavior 
of both PAs at pH 7.4 (Figure 31).  
3.5 Analysis of Mechanical Properties of PA Gels with Oscilatory Rheology 
The mechanical properties of PA matrices were studied with oscillatory 
rheology because mechanical properties of extracellular environment have 
crucial roles in vital functions of cells. The measurements (G’ and G’’) were 
recorded as a function of time. The storage modulus for both PA gels was higher 
than the loss modulus, which implies the viscoelastic nature of PA gels (Figure 
32). The storage and loss moduli of the PA gels were increased rapidly and 











Figure 32. Time sweep oscillatory rheology measurements (t: 60 min) of 
YIGSR-PA with Glu-PA, YIGSR-PA with chondroitin sulfate and Lys-




3.6 Cell Culture Applications of Peptide Amphiphile Molecules 
3.6.1 Cell Viability Measurements 
Biocompatibility of YIGSR-PA molecules were evaluated by 
determination of cell viability.  Human corneal fibroblasts were seeded on un-
coated, YIGSR-PA coated and collagen coated wells and incubated for 72 hr. 
Live and dead cells were stained with calcein AM and ethidium homodimer, 
respectively. Live and dead cells were counted and numbers of live cells were 
divided to total number of cells. The viability of corneal fibroblasts were 
significantly higher on YIGSR-PA nanofibers compared to tissue culture plate 
(Figure 33). This result shows that YIGSR-PA is biocompatible with corneal 






Figure 33. (a) The ratio of live cells to total number of cells 
representing the viability of corneal fibroblasts on TCP, YIGSR-PA 
coated and collagen coated surfaces. Cells were stained with Calcein AM 
and Ethidium Homodimer-1.  Representative fluorescent images of 
corneal fibroblasts cultured into (b) uncoated wells, (c) YIGSR-PA 
coated wells and (d) collagen coated wells at 72 hours. (**** p<0.0001, 
n.s.: No Significance). 
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3.6.2 Cell Adhesion Assays 
Adhesion and migration of corneal fibroblasts should be promoted 
within the PA gel injected in the stroma. To assess the adhesion of corneal 
fibroblast cells on the YIGSR-PA coated surface, filamentous actins and nuclei 
were stained with TRITC-conjugated phalloidin and TO-PRO
®
-3 iodide, 
respectively. The adhesion of cells is important because cells tend to adhere to 
their environment and direct their cellular processes like survival or proliferation 
according to the mechanical and functional characteristics of the environment 
that they interact with. Adhesion and spreading profiles of the corneal 
fibroblasts did not demonstrate a significant difference on YIGSR-PA coated 
wells compared to collagen coated wells or glass surface (Figure 34). This 
profile was also confirmed with SEM imaging of HTKs cultured on these 
surfaces.  This result is important because adherent cells need to adhere to a 
surface in order to retain their viability and function.  Collagen is one of the 
main members of the native extracellular matrix and the biocompatibility of 
YIGSR-PA coated surfaces can be interpreted by the similar adhesion and 





Figure 34. Spreading and cellular morphology of corneal fibroblasts 
acquired by staining with TRITC-conjugated phalloidin and TO-PRO
®
-3 
iodide on (a) uncoated glass surface (63 X), (b) YIGSR-PA coated 
surface (63 X) and (c) collagen coated surface (63 X). SEM images of 
corneal fibroblasts cultured on (d) uncoated glass surface, (e) YIGSR-PA 
coated surface and (f) collagen coated surface. 
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3.6.3 Cell Proliferation on PA Gels 
Maintaining the proliferation capacity of corneal fibroblasts within PA 
gel is crucial. The rate of increase in corneal stroma thickness, new tissue 
formation, mainly depends on two events: cell proliferation and synthesis of 
new extracellular matrix. The rate of extracellular matrix synthesis is also 
dependent on cell number. The proliferation capacity of corneal fibroblasts 
cultured on uncoated, YIGSR-PA coated and collagen coated surfaces for 72 hr 
was assessed with BrdU cell proliferation assay. The proliferation rate of 
corneal fibroblasts on YIGSR-PA coated surfaces is significantly higher than 
cells cultured on non-coated surfaces (Figure 35). This result shows that 
YIGSR-PA gels can be used further for in vivo studies to ensure higher 
proliferative capacity of human corneal fibroblasts which in turn would provide 





Figure 35. Evaluation of cell proliferation using 5-bromodeoxyuridine (BrdU). 
2 × 104 cells/well of corneal fibroblasts were seeded on each surface placed in 





In this chapter, we studied the utilization of “YIGSR” bioactive epitope 
containing peptide amphiphile molecules for corneal stroma regeneration. The 
effects of YIGSR-PA on biocompatibility, adhesion and proliferation of corneal 
fibroblast cells was assessed. The biocompatibility test suggests that corneal 
fibroblast cells cultured on YIGSR-PA show higher viability ratio than those 
cultured on tissue culture plate and there was no significant difference compared 
to cells cultured on collagen coating. Human corneal fibroblast cells have shown 
similar adhesion profiles in all test conditions. In addition to these results, 
corneal fibroblast cells have proliferated significantly more on YIGSR-PA than 
tissue culture plates. These observations suggest that YIGSR-PA can be used for 
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